Egg-grown virus of an influenza A strain (virus N), produces highly infectious particles in this host with its haemagglutinin glycoprotein present in the cleaved form. It also contains relatively large amounts of mucopolysaccharide. This substance cannot be detected in virus derived from cultures of chick embryo cells which has uncleaved haemagglutinin and reduced infectivity. These observations indicate that the host-dependent differences in infectivity cannot be attributed to the presence of mucopolysaccharide as a masking substance at the virus surface, and further substantiate the essential role of the cleavage of the haemagglutinin for activation of infectivity.
INTRODUCTION
The haemagglutinin glycoprotein of influenza virus may exist either in the form of a large polypeptide chain (HA) or as a disulphide-bonded complex of two smaller fragments (HA1 and HA~) which are derived by proteolytic cleavage from HA (for review see Compans & Choppin, 1975; Rott & KIenk, I977) . HA1 is the amino-terminal and HAs the carboxyterminal fragment of the uncleaved precursor (Skehel & Waterfield, I975; Bucher, Li & Kilbourne, 1976 ) . HA is synthesized on the rough endoplasmic reticulum and migrates through smooth internal membranes to the plasma membrane where it is incorporated into mature virus envelopes. Cleavage, which is thought to be mediated by cellular proteases, takes place on smooth internal membranes or at the plasma membrane (Lazarowitz, Compans & Choppin, 1971; Compans, 1973; Hay, I974; Klenk et aL I974) .
Comparative analyses of a series of influenza A and B viruses have shown that cleavage of HA is not required for haemagglutinating activity and virus assembly, but that it is necessary for full infectivity (Klenk et aL 1975; Lazarowitz & Choppin, 1975) . Thus, virus particles may be formed which have reduced infectivity and the haemagglutinin in the uncleaved form. These particles can be fully activated by in vitro cleavage with trypsin. Whether the glycoprotein is cleaved in vivo depends on the virus strain and the host cell. Several strains exhibit host-dependent differences in cleavage and infectivity. For instance, virus N forms particles of reduced infectivity containing uncleared HA if grown in chick embryo (CE) cells, whereas fully infectious particles with cleaved HA are formed if the virus is grown in the chick embryo. Other strains, such as fowl plague virus (FPV), do not show such host-dependent variations. These strains form active virus with cleaved HA in all host systems analysed (Klenk et al. 1975) . In this communication we will further substantiate the essential role of the cleavage of HA for the activation of infectivity by showing that activation cannot be due to removal of mucopolysaccharide as a masking substance at the virus surface. We have analysed the effects of a series of different proteases to determine the specificity of the cleavage reaction required for activation of infectivity. Finally, we will present evidence that the strainspecific variations in the extent of cleavage are determined directly by the structure of the glycoprotein and not by different levels of proteolytic enzymes in the infected cell. (Zimmermann & Sch~fer, 196o ) and the allantoic cavity of I I-day-old embryonated eggs. Seed stocks were also obtained from embryonated eggs.
METHODS

Viruses and cells. Three influenza
Plaque assays have been carried out in CE cells with and without trypsin present in the agar overlay (Klenk et al. 1975) .
Haemagglutination titration and haemagglutination inhibition tests have been carried out according to standard procedures.
Virus growth. Confluent monolayers were inoculated at the appropriate multiplicities of infection. After 3o min adsorption the inoculum was removed. Infected cells were maintained in minimal medium (Eagle & Habel, 1956 ) with the twofold concentration of glucose (Scholtissek & Rott, I96I) . If virus was radioactively labelled it was grown in reinforced Eagle's medium (Bablanian, Eggers & Tamm, 1965) with glucose and amino acids reduced to 33 % of the usual concentration. Isotopes were added at the following concentrations: 3H-glucosamine 5 #Ci/ml; l~C-glucosamine I #Ci/ml; 3H-leucine, aH-tyrosine, and aHvaline I /~Ci/ml; l~C-amino acid mixture o'5 #Ci/ml; aSS-sulphate ioo/,Ci/ml. Virus was harvested 2o h after infection.
To obtain egg-grown virus N, the allantoic cavity of I I-day-old embryonated eggs was inoculated with about 2oo p.f.u. 35S-sulphate was added at a concentration of 15o #Ci per egg. Virus was harvested 48 h after infection.
Virus purification. Virus was purified from cell culture medium and allantoic fluid by procedures described previously (Klenk, Rott & Becht, I972) .
Polyacrylamide gel electrophoresis. Dissociation of virus samples with sodium dodecyl sulphate and mercaptoethanol, electrophoresis, and processing of radioactive gels have been carried out according to described procedures (Schwarz & Klenk, 1974) . The virus released into the culture medium was incubated for 30 rain at 37 °C with the various enzymes (IO #g/256 HAU). The virus was then purified, and the amount of cleaved and uncleaved haemagglutinin glycoprotein has been calculated from the polypeptide patterns obtained after polyacrylamide gel electrophoresis.
t The same result was obtained when the enzyme incubation was carried out under optimal conditions, i.e. in the presence of cysteine (5 mM) and EDTA (t mM) and in the absence of divalent cations.
The same result was obtained when the enzyme incubation was carried out at the pH optimum 8.6.
Chemicals and isotopes.
Reagents for polyacrylamide gel electrophoresis were obtained 
RESULTS
The presence of mucopolysaccharide at the virus surface and its influence on infectivity
It has been known for some time that a sulphated mucopolysaccharide derived from the host may be associated with influenza virus (Haukenes, I965; Howe et al. I967; Lee et al. I969) . Compans & Pinter (r975) showed that the mucopolysaccharide can be removed from the virus by trypsin treatment and suggested that it may act as a masking substance at the surface of the virion which inhibits infectivity. It was, therefore, of interest to find out if a correlation between the presence of mucopolysaccharide and infectivity exists in the system analysed here.
A comparative analysis of the fully infectious form of virus N obtained from chick embryos and of virus of reduced infectivity obtained from CE cells has been carried out. The virus was grown in the presence of 35S-sulphate, purified, and subjected to polyacrylamide gel electrophoresis. The gels were first stained with Coomassie blue and then analysed for radioactivity. Confirming previous observations (Klenk et al. I975) virus grown in CE cells contained the uncleaved haemagglutinin glycoprotein (Fig. I a) whereas egg-grown virus displayed the cleaved form (Fig. I b) . The sulphate label was found to be incorporated into the virus glycoproteins and into a component which has an electrophoretic mobility lower than that of any of the virus proteins and is believed to be the mucopolysaccharide (Compans . The mucopolysaccharide is found in substantial amounts in egg-grown virus, i.e. in fully infectious virus, but appears to be practically absent in virus derived from CE cells, i.e. in virus of reduced infectivity. These findings indicate that the host-dependent difference in infectivity observed in the system analysed here cannot be attributed to the presence of mucopolysaccharide as a masking substance.
Effect of proteases of different specificities on the structure of the haemagglutinin glyeoprotein and the infectivity of virus N
To test whether formation of highly infectious virus requires cleavage of a specific peptide bond of the haemagglutinin glycoprotein, virus N has been subjected to in vitro treatment with a series of different proteases. Virus grown in CE cells has been used for these experiments. As has been described before (Klenk et al. t975 ) such virus contains the haemagglutinin in the uncleaved form (see also Fig. I ) and has a reduced infectivity. Culture medium containing radioactively labelled virus was removed from the monolayers and incubated for 3o rain at 37 °C with the enzymes listed in Table i . The enzyme concentration was io/zg per 256 to 512 haemagglutinating units (HAU). The virus was then purified and the amount of cleaved and uncleaved haemagglutinin glycoprotein was calculated from the polypeptide patterns after polyacrylamide gel electrophoresis. Table I shows that most of the proteases are able to cleave HA but that the extent of cleavage depends on the enzyme used. Trypsin and a trypsin-like protease from Streptomyees griseus induce complete cleavage, elastase has no effect, and the other proteases are between these extremes. Cleavage has also been analysed at :Io-fold enzyme concentrations and, as indicated in Table I , at optimal incubation conditions whenever they differed from the t The same result was obtained when the enzyme incubation was carried out at pH 8-6. :~ The same result was obtained when the enzyme incubation was carried out in the presence of cysteine (5 mM) and EDTA (I mM) and in the absence of divalent cations.
standard conditions used in this experiment. None of these modifications, however, had a significant effect on the extent of cleavage.
The cleavage products obtained after treatment with the various proteases had identical electrophoretic mobilities. This has been demonstrated by co-electrophoresis of virions incubated with trypsin on the one hand and of virions incubated with the other enzymes on the other hand. An example is shown in Fig. 2 where trypsin-treated virus is compared to thermolysin-treated virus. Thus, it appears that all enzymes, even though cleaving different peptide bonds, attack the same region of the glycoprotein. Similar results have been obtained with the WSN strain of influenza virus (Lazarowitz & Choppin, I975) .
To test the effect of the proteases on biological activity, virus released into the culture medium of CE cells was subjected to in vitro incubation with the various enzymes as described above. None of these proteases altered haemagglutinating activity (data not shown) as observed previously when chymotrypsin and trypsin were used (Lazarowitz, Compans & Choppin, I973; Stanley, Gandhi & White, I973; Klenk et al. 1975; Lazarowitz & Choppin, 1975) . The virus was then analysed for infectivity in CE cells. The multiplicity of infection was Io p.f.u./cell (potential infectivity determined after activation with trypsin) to allow replication under single cycle growth conditions. Previously we have observed that virus N grown in CE cells requires trypsin treatment to undergo a second replication cycle in these cells (Klenk et al. I975 ). This observation is confirmed by the data shown in Table 2 . Another enzyme capable of inducing infectivity was the trypsin-like protease from Streptomyces griseus. The effect of both enzymes could be suppressed by trypsin inhibitor from soya beans. In contrast to these proteases, chymotrypsin, thermolysin, elastase, clostripain, papain, bromelain and a protease from Aspergillus oryzae did not activate infectivity.
We have also analysed the effect of sequential protease treatment on virus N grown in CE cells with trypsin being added as the first enzyme followed by either thermolysin, elastase, papain, or chymotrypsin as the second enzyme. Incubation with each protege (Io #g/ml) was carried out for I5 min. The second enzyme was incubated in the presence of trypsin inhibitor (IO/zg/ml). The virus was then analysed for infectivity in CE cells as described A comparison of the effects of the various proteases on cleavage of HA and on activation of infectivity demonstrates that 3 types of enzymes can be discriminated: one type, represented by trypsin or the trypsin-like protease from Streptomyces griseus, both cleaves and activates; the second type, represented by elastase, is unable to cleave and therefore does not activate either; the third type, comprising enzymes such as thermolysin, cleaves but does not activate. The finding that cleavage by the latter type of enzymes has never been complete under the conditions employed in this study does not explain their inability to activate. Previous studies on the replication of virus N in chorio-allantoic membrane cells have shown that partial cleavage is compatible with activation of infectivity if the appropriate protease is present (Klenk et al. I975) .
Simultaneous infection of CE cells with FPV and virus N and its effect on the structure of the haemagglutinin and the infectivity of virus N
We have shown previously that in CE cells FPV forms highly infectious particles whereas other influenza strains, such as virus N, produce particles of reduced infectivity, and that infectivity depends on the cleavage of HA (Klenk et al. I975) . The question arose now of whether these differences in cleavage might be explained by structural variations of the haemagglutinin glycoprotein resulting in different susceptibility to proteolytic cleavage, or whether they reflect differences in the level of proteolysis in infected cells. To discriminate between these possibilities double infection experiments were carried out in CE cells with FPV and virus N.
First, it was of interest to find out whether the haemagglutinin of virus N is present in the cleaved or in the uncleaved form under conditions of double infection. Monolayers of CE cells were simultaneously infected with virus N and FPV/Du. The input multiplicity of each virus was high (about 5o p.f.u./cell) to insure double infection of all cells. The virus was grown in the presence of aH-glucosamine and purified from the culture medium 2o h post infection. The glycoprotein pattern of the virus preparation is shown in Fig. 3 . There is a large peak which consists predominantly ofuncleaved haemagglutinin glycoprotein HA and smaller amounts of the neuraminidase glycoprotein which is identical in both viruses (Klenk et aL I975) . The haemagglutinin is also present in the cleaved form. Since HA1 and HAs have different electrophoretic mobilities with virus N and with FPV (Klenk et al. I975) , it was possible to determine the specificity of the cleaved haemagglutinin in the mixed virus population by co-electrophoresis with homogeneous preparations of each virus. The results show clearly that, after double infection, only the haemagglutinin of FPV is present in the cleaved form. Thus, co-infection with FPV does not induce cleavage of the haemagglutinin glycoprotein of virus N.
We then wanted to know whether co-infection with FPV had an effect on the infectivity of virus N. Virus N and FPV/Ro were grown under conditions of multiple cycle replication with or without trypsin present in the culture medium. Twenty-four h after infection progeny virus was harvested and its specificity determined by haemagglutination inhibition assay. Control experiments with a single infection of each strain have also been carried out. The results are shown in Table 3 and confirm our previous observations (Klenk et al. I975) that virus N requires trypsin to undergo multiple cycle replication in CE cells, whereas FPV can do so in the absence of the enzyme. In double infected cells only FPV-specific haemagglutinin Activation of influenza virus I59 is formed if trypsin is absent. In the presence of the enzyme, however, haemagglutinin of both strains can be detected. The data show that co-infection with FPV does not enhance the infectivity of virus N to allow successive replication cycles in CE cells.
These observations demonstrate that the relative resistance of glycoprotein HA of virus N to cleavage and, thus, the resistance of the virus to activation, is a genuine structural property of this glycoprotein rather than the consequence of a low level of proteolysis in infected cells. (Klenk et al. I975) . To these observations supporting the essential role of the haemagglutinin in the activation process we can now add another one: our data show that mucopolysaccharide is present in the highly infectious virus N particles derived from eggs in significantly larger amounts than in particles of reduced infectivity derived from CE cells. Furthermore, trypsin treatment which has been shown to remove mucopolysaccharide (Compans & Pinter, I975) does not enhance the infectivity of egg-grown virus (Klenk et al. 1975) . The possibility that mucopolysaccharide acts as a masking substance at the virus surface which inhibits infectivity is, therefore, unlikely.
It was a major objective of this study to obtain information on the specificity of the protease involved in the cleavage reaction. Confirming and extending the observations of Lazarowitz & Choppin (I975), we have found that cleavage can be accomplished by a variety of proteases. It appears that these enzymes attack different peptide bonds in the same region of the haemagglutinin glycoprotein, thus generating cleavage fragments of identical size. However, only cleavage by trypsin or a trypsin-like enzyme results in formation of highly infectious virus. Activation of infectivity therefore requires cleavage of a specific peptide bond with arginine or lysine in carboxyl linkage. These findings indicate that, in highly infectious, virus glycoprotein HA1 has one of these amino acids at the carboxyl terminus. It was hoped that clostripain, a protease with a high specificity directed at the carboxyl linkage of arginine (Mitchell & Harvington, I97I) , might allow discrimination between these alternatives. However, such conclusions could not be drawn from our studies, since virus incubated with this enzyme showed very little cleavage of HA and no activation of infectivity. It is interesting to note that in contrast to influenza virus, where several enzymes of different specificities cleave but only one enzyme activates, cleavage of paramyxovirus glycoproteins is always paralleled by activation of biological activity. Thus, the haemagglutinin-neuraminidase glycoprotein is cleaved and activated by a variety of enzymes, whereas the fusion glycoprotein shows a specific requirement for trypsin (Nagai, Klenk & Rott, I976; Scheid & Choppin, I976; Nagai & Klenk, The double infection experiments demonstrate that virus N displays neither cleavage of HA nor formation of highly infectious virus under conditions where both phenomena are observed with FPV. This illustrates again that cleavage of HA and activation of infectivity is a host-specific phenomenon depending on the disposition of an appropriate protease in the infected cells. In addition, the data clearly demonstrate that it is also the structure of the glycoprotein itself which determines whether or not cleavage occurs. It appears that the haemagglutinin of virus N is susceptible to an enzyme present in eggs and chorio-allantoic membrane cells but not present in CE cells (Klenk et al. 1975) . The observation that cleavage and activation are accomplished under in vitro conditions only by trypsin suggests that the cellular enzyme is a trypsin-like protease. In contrast to virus N and several other influenza A strains, the haemagglutinin of FPV is cleaved by an enzyme (or enzymes) present in all 3 host systems (Klenk et al. I975) . Because this strain does not form particles containing uncleaved HA, the cleavage reaction cannot be studied under in vitro conditions. Thus, nothing is known about the nature of the enzyme responsible for the cleavage of this strain. These observations show that there are striking variations in host range, and these variations appear to be based directly on the structure of the haemagglutinin glycoprotein. Similar differences in the susceptibility of the envelope glycoproteins to proteolytic cleavage have also been observed with Newcastle disease virus, and were found to account for the variations in the virulence of this virus (Nagai et al. ~976) . With influenza virus, however, there is no evidence for an exclusive correlation of glycoprotein structure and virulence (Rott, Orlich & Scholtissek, I976) .
